Vibration is a key factor to be considered when designing the mechanical components of a high precision and high speed atomic force microscope (AFM). It is required to design the mechanical components so that they have resonant frequencies higher than the external and internal vibration frequencies. In this work, the mechanical vibration in a conventional AFM system is analyzed by considering its mechanical components, and a vibration reduction is then achieved by reconfiguring the mechanical components. To analyze the mechanical vibration, a schematic of the lumped model of the AFM system is derived and the vibrational influences of the AFM components are experimentally examined. Based on this vibration analysis, a reconfigured AFM system is proposed and its effects are compared to a conventional system through a series of simulations and experiments.
I. INTRODUCTION
An atomic force microscope (AFM) is a device capable of investigating several physical characteristics of a material with subnanometer resolution using the interaction force between the cantilever tip and a sample surface. [1] [2] [3] There are many factors to be considered for designing the mechanical components for a high speed and high precision AFM, though vibration is one of most influential factors since performance of the AFM can be degraded by vibration in the mechanical components caused by various external and internal vibration sources. As high speeds are required in the AFM, the vibrational influence on precision also significantly increases.
External vibration includes vibrations from operator footsteps, building vibration, seismic waves, and acoustic noise, whose frequencies are usually in a low frequency range, whereas internal vibration includes controller signals whose frequency ranges up to several hundred hertz. Therefore, mechanical components must be designed to have resonant frequencies higher than both the external and internal vibration frequencies. To this end, Thompson et al., 4 Chen et al., 5 and Kindt et al. 6 have reported that the mechanical loop between the tip and sample should be designed to have a high first resonant frequency to ensure that it is not affected by the external and internal vibration frequencies. In further attempts to increase the first resonant frequency of the scanning actuator, Schitter et al. 7 and Fantner et al. 8 proposed a method for enhancing the stiffness of the scanning actuator by adding an array of vertical blade springs to a flexure mechanism, and Fleming et al. 9 proposed to replace the vertical positioning function of the piezoelectric tube (PZT) scanner with a high speed PZT stack actuator.
There are two different mechanical configurations that have been used in the AFM; 10 scanning-sample type. The scan-by-probe type AFM typically uses a PZT scanner 11 in which XY-axis motion is taken place as well as Z-axis motion. Since a sample is loaded only for measurement to the motorized stage that is usually used for sample approach to the cantilever in the Z direction, a small mass is just added to the motorized stage, which doesn't much affect the dynamics of the motorized stage. If the motorized stage is manufactured with high stiffness, it has a high first natural frequency. Hence, the scan-by-probe-type AFM is less sensitive to the external vibration. However, in this mechanical configuration, coupling effects between the XY-axis motion and Z-axis motion make it difficult to control the actuators for accurate positioning in the Z direction and cause bowing artifacts. 12, 13 Additionally, it is not easy to install the sensing instrument for the accurate motion in the X and Y directions. 14, 15 For the sake of control easiness in the Z direction and accurate sensing motion in the X and Y directions, it is advantageous to take the scanning-sample-type AFM (Refs. [16] [17] [18] in which the xy scanner can be separately made from the z scanner. In order to cope with these performances, the xy scanner loaded on the motorized stage is usually heavy. The large mass added to the motorized stage can lower its natural frequency. Therefore, the scanning-sampletype AFM is more sensitive to the vibration than the scan-byprobe-type AFM. The vibration problem considered in this work is restricted to the scanning-sample-type AFM.
In order to solve the vibration problem, in this study the mechanical vibration is analyzed by considering all the mechanical components of the AFM including the motorized stage. As a result, vibration reduction is achieved through a reconfiguration of the mechanical components. To analyze the mechanical vibration, a schematic of the lumped model of the AFM system is derived and the vibration influences of the AFM components are experimentally examined. Based on this vibration analysis, a reconfigured AFM system is proposed and subsequently compared to a conventional scanning-sample-type AFM. 
II. MECHANICAL VIBRATION ANALYSIS OF AN AFM
An AFM system is usually composed of a supporting frame, scanning actuator, optical sensor, and motorized stage. The motorized stage makes sample approach to the cantilever tip in the Z direction. The cantilever is deflected by the force between the cantilever tip and the sample surface. This deflection can be conventionally measured using the optical sensor. 19, 20 When the scanning actuator moves in the X and Y directions, it is controlled in the Z direction in order to maintain a constant deflection force. The topology of the sample is subsequently obtained from the controlled signal.
There are two different mechanical configurations that have been used in the AFM as shown in Figs Fig. 1 (a) in which XY-axis motion is taken place as well as Z-axis motion. Since a sample is only for measurement loaded to the motorized stage, a small mass is just added to it, which does not much affect the dynamics of the motorized stage. If it is manufactured with high stiffness, it has a high natural frequency. Hence, the scan-by-probe-type AFM is less sensitive to the external vibration. However, in this mechanical configuration, coupling effects between the XY-axis motion and Z-axis motion make it difficult to control the actuators for accurate positioning in the Z direction. Additionally, it is not easy to install the sensing instrument for the accurate motion in the X and Y directions. For the sake of control easiness in the Z direction and accurate sensing motion in the X and Y directions, it is advantageous to take the scanning-sample-type AFM as shown in Fig. 1(b) in which the xy scanner can be separately made from the z scanner. In order to cope with these performances, the xy scanner loaded on the motorized stage is usually heavy. The large mass added to the motorized stage can lower its natural frequency. Therefore, the scanning-sample-type AFM is more sensitive to the vibration than the scan-by-probe-type AFM. The vibration problem in this work is restricted to the scanning-sample-type AFM.
Figures 2(a) and 2(b) show the structure and schematic of the lumped model of the motorized stage, respectively, comprised of a linear motion block, lead screw, motorized stage, and linear motion guide. The torque of the electric motor is converted to the vertical force F d , which acts at point D located at a distance l d from point O. Here, the structure of the motorized stage is modeled using an equivalent mass m c , and equivalent moment of inertia J c with respect to point O, torsional spring k θ , and torsional damper c θ . Figure 3 shows the overall schematic of the lumped model of a conventional AFM system, including the motorized stage. The supporting frame and base plate are considered as rigid bodies, respectively, since they are designed to be very stiff. It is also assumed that the z scanner can be treated as a rigid body since it has a high stiffness; hence, the mass of the z scanner can be combined with the supporting frame. In addition, the spring coefficient of the cantilever is modeled as k can since its mass is negligibly small. Furthermore, the xy scanner is considered a rigid body having a mass m s and a moment of inertia J s with respect to point O; its spring effect in the vertical direction is not considered since it also has a high stiffness compared to that of the lateral direction. And since the xy scanner is mounted on the motorized stage, its mass can be simply added to m c . Note that the centers of gravity of both m c and m s are located at point G, and the distance between points O and G is marked with l x . From the model obtained from the above assumptions, the moment equation of the AFM system at point O is represented as
where θ s is the output angle with respect to point O. In addition, J c and m c are negligibly small compared to J s and m s , and J s is represented as K m s , where K is the geometrical constant of the xy scanner. Therefore, the transfer function
Here, ω n and ζ are the natural frequency and damping ratio of the AFM system, respectively, which can be represented as
As such, in order to reduce the vibration of θ s , it is necessary to increase the natural frequency and the damping ratio of the AFM system. According to Eqs. (2) and (3), the natural frequency ω n and damping ratio ζ of the AFM system depend on m s , k θ , and c θ . Therefore, reduction of m s can contribute to an increase of not only ω n but also ζ . In order to experimentally determine k θ and c θ , a modal analysis experiment was performed using a laser scanning vibrometer manufactured by EM4SYS Co. Ltd. 21 Figure 4 From the parameter identification of k θ and c θ , the simulated result of Eq. (2) is shown in Fig. 6 for a variance of m s . The damped natural frequency ω d and damping ratio ζ increase to 299 Hz and 0.16, respectively, when m s is reduced by a factor of 5. This result confirms that a reduction in the payload of the motorized stage is very important to the vibration attenuation capability of a high speed and high precision AFM.
III. RECONFIGURATION OF MECHANICAL COMPONENTS FOR VIBRATION REDUCTION
In the previous section, it was suggested that m s should be reduced to attenuate the vibration of θ s . However, it is not easy to reduce m s without affecting the design specifications of the xy scanner such as the working stroke and overall size. Without changing the basic design of the xy scanner, we instead propose a reconfiguration of the components in order to obtain a similar vibration attenuation performance.
Figures 7(a) and 7(b) show the structure and schematic of the lumped model of the reconfigured AFM system, respectively. In this model, the motorized stage is located beneath the horizontal supporting frame, and the xy scanner is mounted on the base plate. Then, the motorized stage moves down the z scanner to make contact with the sample surface; different from the previous configuration in which it moves up the xy scanner. In this new configuration, the z scanner, which has mass m f and moment of inertia J f with respect to point O, is only a payload for the motorized stage, in which m f is approximately 1/5 of m s . Note that the z scanner, xy scanner, and supporting frames have high stiffness, and can therefore be treated as rigid bodies. Then, since the xy scanner is mounted on the base plate, its mass m s does not need to be considered.
For the vibration analysis of the reconfigured AFM system, its moment equation at point O can be represented as
where θ f is the output angle with respect to point O, and F e is the applied force from the motorized stage to point E, which is located on the supporting frame. The transfer function 
whereK is a geometrical constant. In addition,ω n andζ are the natural frequency and damping ratio of the reconfigured AFM system, respectively, which can be represented asω
The frequency response function (FRF) is then experimentally obtained (Fig. 8) , in which the xy scanner and cantilever are not considered since they do not affect the vibration characteristics of the reconfigured AFM system. The first mode occurs at a higher frequency than that of the previous AFM configuration, where the motorized stage is located below. Indeed, the first mode (291 Hz) almost agrees with that of the simulated frequency response. The second mode (542 Hz) is considered to be attributed to the supporting frame. And the first natural frequency of 291 Hz is the result of reducing the mass by the factor of 5 in the previous AFM con- FIG Figure 9 (a) shows the vertical vibration characteristics due to internal or external disturbances, which in the previous AFM system are measured by the optical sensing signal of the cantilever at a particular point on the sample surface without moving the xy scanner. Figure 9 (b) shows the measured FFT results of vertical vibration. Here, the natural vibration frequency is observed at 136 Hz, which agrees well with the simulated and experimental results of FRFs. Figure 9 (c) then shows the vertical vibration characteristics of the reconfigured AFM system obtained as in the previous AFM system. And Fig. 9(d) shows the measured FFT results of the vertical vibration. The vibration amplitude for the previous AFM system was 4.5 nm peak to peak, whereas it is less than 0.5 nm peak to peak in the reconfigured AFM system. This reduction in amplitude leads to considerable improvement in the image accuracy of the reconfigured AFM system. Figure 10 presents real scanning images from the AFM for each configuration. The measured standard grid sample has a 3 μm periodic square shape and 12 nm height. Note that even though the xy scanner is working in this experiment, it can be concluded that the reconfigured system has a higher performance in image accuracy due to its better vibration attenuation capability.
IV. EXPERIMENTS

V. CONCLUSION
The importance of the motorized stage, the most dominant component affecting the accuracy of the AFM, was addressed in this paper. Since the mass mounted on the motorized stage was excessively high in the previous AFM system, the vibration characteristics became degraded. However, instead of designing a new lighter xy scanner to be loaded on the motorized stage, vibration reduction was
